We have previously shown that by term age, preterm infants have elevated intrahepatocellular lipid (IHCL) content and altered regional adiposity, both of which are risk factors for cardiometabolic illness in adult life. Preterm nutritional intake is a plausible determinant of these aberrant trajectories of development. OBJECTIVE: We aimed to establish if macronutritional components of the preterm diet were determinants of IHCL deposition measured at term equivalent age, using 1 H Magnetic Resonance spectroscopy (MRS). METHODS: Prospective observational case-control study in a single UK neonatal unit. 1 H MR spectra were acquired from 18 preterm infants (o32 weeks gestational age at birth) at term age and 31 healthy term infants, who acted as a control group. Neonatal nutritional information was collected from birth to 34 þ 6 weeks postmenstrual age. RESULTS: IHCL (median, interquartile range) was significantly higher in preterm-at-term infants compared with term-born infants: 0.735, 0-1.46 versus 0.138, 0-0.58; P ¼ 0.003. In preterm infants, IHCL was positively correlated with lipid intake in the first week of life (r ¼ 0.52, P ¼ 0.04). CONCLUSIONS: This study confirms our previous observation of elevated IHCL in preterm infants at term and suggests that early lipid intake may be a determinant. Future work is warranted to establish the clinical relevance and the role of nutritional intervention in attenuating or exacerbating this effect in preterm infants.
INTRODUCTION
Infants born preterm demonstrate a constellation of aberrant developmental trajectories, which are apparent by term equivalent age and persist into adult life. These include hypertension, 1 aberrant vascular reactivity, 2 insulin resistance 3, 4 and altered adipose tissue partitioning. 5, 6 In addition, in vivo 1 H magnetic resonance spectroscopy (MRS) of the liver confirms that, in comparison with term-born healthy individuals preterm infants manifest ectopic lipid deposition (elevated intrahepatocellular lipid (IHCL) content) when assessed at term equivalent age and when assessed as young adults. 6, 7 Although there are no neonatal data, 1 H MRS in adults is known to be an accurate and noninvasive tool for measurement of IHCL and compares favourably with the perceived gold standard, invasive liver biopsy, a technique neither practical nor ethical in neonatal patients without evidence of liver disease. 8 Our own unpublished data indicate that intra-observer variability for 1 H MRS is excellent with a coefficient of variability of 1.05% for IHCL measurement. The causal biological pathways mediating the above findings are not known, nor their clinical relevance. These findings do, however, represent measurable metabolic indices, which may be early markers for the cardiometabolic dysfunction seen in ex-preterm born adults.
The determinants of ectopic lipid deposition in preterm infants are unknown but may be of public health significance given the known associations between elevated IHCL, insulin resistance and adiposity in the adult population. 9 Preterm nutritional intake is a prime potential determinant of elevated IHCL. Further, little is known about the long-term health impacts of currently utilised neonatal nutritional strategies, 10 which include the use of parenteral nutritional (PN) support while enteral feeds are being established.
Here we report data representing the secondary outcome measures of a prospective observational study investigating the impact of preterm nutrition on infant somatic phenotype at term. The aims of this study were to compare IHCL in preterm infants at term and term-born healthy controls, and to assess whether preterm macronutritional intake variables (lipid, carbohydrate, protein and energy) were associated with IHCL, measured using 1 H MRS, within the preterm group.
SUBJECTS AND METHODS
Preterm infants, born at o32 completed weeks gestation underwent 1 H MRS at term equivalent age shortly after discharge home. They were clinically well and receiving no medications other than vitamin supplements. Healthy, appropriately grown term infants underwent Infants were scanned in natural sleep in a supine position. The baby was fed, settled and swaddled using sheets and a vacuum sac and foam padding. Heart rate and oxygen saturation were monitored continuously using pulse oximetry. A neonatal pediatrician was present throughout the procedure. Magnetic resonance images were acquired on a Philips (Amsterdam, Netherlands) 3.0 Tesla system using a T 1 -weighted spin-echo sequence and used to identify the liver. A 20 Â 20 Â 20 mm 3 voxel was placed in the liver, avoiding major vessels and surrounding fatty tissue. Signal contamination from adipose tissue depots was deemed unlikely as neonates have very little visceral adipose tissue. Signal contamination from hepatic vasculature was minimised by using three orthogonal planes that had been previously acquired. A suitable central area in the liver was chosen that clearly demarcated hepatic tissue and blood vessels and the voxel was aligned so as to avoid these areas. A single proton magnetic resonance spectrum was acquired from right lobe of the liver using a point resolved spectroscopy sequence 11 (repetition time 1500 ms, echo time 135 ms, 128 averages) without water suppression (Figure 1 ). Signals were analysed in the time domain as previously described with IHCL values adjusted for T 1 and T 2 effects. 12, 13 Hepatic water, known to be relatively constant 14 was used as an internal standard and the results are presented as the ratio IHCL CH 2 /water.
Preterm nutrition
Neonatal unit practice was to commence milk feeds with fresh maternal expressed breast milk within 24 h of birth. If maternal expressed breast milk was not available and consent was not obtained for use of pasteurised donor expressed breast milk, infants were commenced on a preterm formula. PN was commenced within the first 72 h. Standard PN was provided as an aqueous solution, Babiven 135 (Fresenius Kabi, Bad Homburg, Germany) and a lipid fraction, 20% intralipid (Fresenius Kabi). The amount of nitrogen as amino acids, carbohydrate and lipid delivered was directly proportional to the volume of standard PN infused (135 ml of Babiven aqueous solution contains 0.4 g nitrogen and 15 g of glucose; 20% intralipid contains 20 g of lipid per 100 ml). Prescribed PN was utilised when deemed necessary by a senior clinician. For both standard and prescribed PN, protein intake was calculated by multiplying the nitrogen intake by 6.4 and energy intake was calculated based on 1 g of carbohydrate liberating 3.7 kcal, 1 g of protein liberating 4 kcal and 1 g of fat liberating 10 kcal.
Preterm infant gestation at birth and postmenstrual age were calculated from the estimated date of confinement, which was in turn established from either first trimester ultrasound measurements or from the date of the mother's last menstrual period. Preterm macronutrient intake data were collected from birth to 34 weeks and 6 days (34 þ 6 weeks) postmenstrual age using a neonatal nutritional data capture system (Nutcracker, Imperial College London, London, UK) designed as part of this overall research programme. Nutcracker has the following major functionalities: (i) secure login with username and password, (ii) patient registration and search options, (iii) daily entry of anthropometric measures and nutritional intake (enteral and parenteral) using a calendar system, (iv) calculation of cumulative macronutrient intakes between any two given time points, (v) calculation of cumulative human milk intake between any two given time points and (vi) graphical representation of actual macronutrient intake versus desired macronutrient intake ( Figure 2) .
Macronutrient intake was expressed as the mean actual daily intake in either g kg À 1 day À 1 or kcal kg À 1 day À 1 subtracted from the mean of recommended daily intake (RDI) in either g kg À 1 day À 1 or kcal kg À 1 day À 1 so that data indicate macronutritional excess or deficiency in relation to RDI. For the purposes of the study, the RDI for macronutrient intakes in preterm infants was based on values from Tsang. 15 Hence, a positive value indicated an excessive intake in a comparison with RDI and a negative value indicated a deficient intake in comparison with RDI. Human milk intake was expressed as ml kg À 1 day À 1 . A measure of 'early' nutritional intake was achieved by recording the cumulative macronutrient values from date of birth to day 7 after birth and a measure of 'late' nutrition was given by cumulative macronutrient intake between day 8 and 34 þ 6 weeks postmenstrual age. Nutrition received during the first week of life was chosen to represent early nutritional intake on the basis that the cumulative nutritional shortfall observed in preterm infants because of critical illness and reliance on parenteral nutrition whist enteral feeds are established is greatest during this period. Nutrition received from birth to 34 þ 6 weeks postmenstrual age represented total nutritional intake. The decision to record preterm nutrition up to 34 þ 6 weeks postmenstrual age was a pragmatic one based on the fact that at this postmenstrual age many preterm infants no longer require artificial feeding via a gastric tube. Hence, recording enteral nutritional intake beyond this point would be subject to inaccuracies in those infants who were breast fed as exact milk volumes would not be recorded. 
Statistical analysis
Two separate analyses are presented; (i) preterm-at-term versus term group comparison of IHCL, and (ii) within group analysis of preterm nutritional intake and IHCL. Data were analysed using SPSS version 16 (SPSS Inc., Chicago, IL, USA). Non-parametric methods were used to test for associations with IHCL as it is known to be a non-normally distributed variable. The Mann-Whitney U-test was used to test for differences in IHCL between groups. Spearman's rank correlation coefficient was calculated to test associations between IHCL and nutritional intake variables and other continuous covariates (gestation at birth, postmenstrual age at scan and illness severity).
RESULTS

We obtained
1 H MR spectra from 18 preterm infants at term equivalent age and 31 healthy term infants. Preterm nutritional data were available for 16/18 preterm infants. Preterm infant-atterm IHCL [Median (Interquartile Range)] was significantly elevated when compared with term-born infants (preterm-at-term 0.735 (0-1.46) versus term 0.138 (0-0.58), P ¼ 0.003, Mann-Whitney, two-tailed). In both preterm-at-term infants and term-born infants there were no relationships between IHCL and gender, mode of delivery, birth weight, birth gestation, postmenstrual age or feeding method at time of scanning.
Within preterm group analysis Within the preterm group IHCL was not related to gestation at birth, postmenstrual age at scan or illness severity (clinical risk index for babies II score/% intensive care unit days). There were no differences in IHCL noted between boys and girls or in relation to antenatal steroids. Enteral feeds were introduced at mean (s.d.) of 2 (0.97) days. Preterm infants received parenteral nutrition support for a mean (s.d.) of 10.4 (10.5) days and took 12.5 (7.4) days to achieve full enteral feeds (defined as day of life on which 150 ml kg À 1 day À 1 of enteral nutrition was first achieved). Preterm anthropometric measurements and actual macronutritional intakes are illustrated in Table 1 . This dietary imbalance was also evident from birth to 34 þ 6 weeks postmenstrual age (total nutrition) with preterm infants receiving a diet excessive in carbohydrate ( þ 1.5 (1.8) g kg À 1 day
) and fat ( þ 2.6 (0.6) g kg À 1 day
) and deficient in protein ( À 0.4 (0.5) g kg
. This macronutritional intake pattern is shown in Figure 3 . IHCL was positively correlated with early lipid intake (Spearman's Rho 0.52, P ¼ 0.04) but not with total lipid intake (Spearman's Rho À 0.41, P ¼ 0.11). This is illustrated in Figure 4 . Although there was a trend toward a positive relationship between early protein and energy intake and IHCL at term this did not reach statistical significance. There was no relationship noted between early carbohydrate intake and IHCL at term. There were no correlations noted between total macronutrient intakes and IHCL at term age. There was a trend toward a positive relationship between total human milk intake and IHCL at term age (Spearman's Rho ¼ 0.46, P ¼ 0.07).
DISCUSSION
In this study, we have confirmed our previous observation of elevated IHCL in preterm infants at term. In addition, we show that components of the preterm diet, particularly early lipid intake, may be relevant to the development of IHCL at term age, and that the nutritional intake of the babies studied, whereas representative of that widely used in the United Kingdom, was characterised by an excess of fat and lipid, and a deficiency of protein in relation to current international recommendations. No relationships were apparent when IHCL was assessed in relation to total nutrition (birth to 34 þ 6 weeks postmenstrual age). The study's key strengths include the detailed collection of macronutritional data in the preterm cohort and the use of 1 H MRS to determine IHCL non-invasively. This cohort of preterm infants were predominantly fed a parenteral nutrition diet during the first week of life and achieved full enteral feeds, on average at just under 2 weeks of age. It is important to bear in mind two key
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Recommended daily intake (MRDI) (g/kg/day) 3. day À 1 over the 14-day period. Preterm nutrition and intrahepatocellular lipid V Vasu et al study weaknesses, namely that the association between macronutrient intake in preterm infants and IHCL was a post hoc secondary analysis, and that the sample size of the study was small. One might speculate that the association between early lipid intake in the preterm cohort and IHCL, measured at term age relates to immature mechanisms for lipid metabolism following preterm birth that then go on to mature in the ex utero environment. A similar association between lipid intake and IHCL has been found in a study in piglets, parenterally fed for the first 7 days post-partum. In this study a lipid-free diet, was associated with lower IHCL 7 days post-partum, compared with an isocaloric diet in which 46% of carbohydrate-derived calories were replaced by lipid 16 (IHCL: lipid-free diet 3.33±0.27 versus lipid in diet 7.75 ± 0.98 (g per 100g of liver); Po0.001). These observations are also in keeping with studies on infants of diabetic mothers, which showed that metabolic outcomes at 2 years were directly associated with the amount of their own mothers breast milk ingested during the first week of life and unrelated to later nutritional parameters. 17 Data from the adult literature also support the notion that IHCL deposition is affected by dietary composition with high lipid and high carbohydrate intakes promoting IHCL deposition and high protein intakes ameliorating IHCL deposition. 18 It is worth bearing in mind that in comparison with published recommendations, the nutrition received by this infant cohort was deficient in protein and excessive in both carbohydrate and fat. This situation represents a dietary imbalance, which in adults is linked to several adverse cardiometabolic outcomes. Regan et al. 19 demonstrated an association between early dietary factors in ex-preterm young adults and insulin resistance. This group also noted a similar dietary imbalance in their cohort in the neonatal period. It is plausible that the combination of hepatic immaturity seen in preterm infants along with an excessive cumulative enteral and parenteral lipid intake acts to increase plasma non-esterified fatty acids, which in turn may mediate hepatic lipid deposition. The finding that infant IHCL increases with increasing maternal body mass index in term-born infants also suggests that parental factors may exert an influence on the elevated IHCL seen in preterm infants in our study. 20 This finding of an association between early lipid intake in preterm infants and IHCL measured at term age warrants further investigation in order to establish the functional relevance of increased IHCL in preterm infants, delineate the components of early nutrition that drive IHCL deposition and establish whether nutritional interventional strategies can improve long-term outcomes. Modification of PN solutions to increase protein intake and/or reduce early lipid intake or alteration in the composition of lipid may be potential nutritional strategies that may have a desirable effect on this phenotype, which is known to persist into young adulthood in ex-preterm infants and represents a key factor in the development of cardiometabolic illness. 
